Antiviral agents are urgently needed to fight severe acute respiratory syndrome (SARS). We showed that niclosamide, an existing antihelminthic drug, was able to inhibit replication of a newly discovered coronavirus, SARS-CoV; viral antigen synthesis was totally abolished at a niclosamide concentration of 1.56 M, as revealed by immunoblot analysis. Thus, niclosamide represents a promising drug candidate for the effective treatment of SARS-CoV infection.
Severe acute respiratory syndrome (SARS) has recently emerged as a new human disease with considerable morbidity and mortality. It was first identified in southern China in November 2002, and a serious outbreak occurred in Hong Kong in March 2003 (5) . From November 2002 to June 2003, a total of more than 8,000 probable SARS cases were reported to the World Health Organization, of which approximately 800 were fatal (1) . This outbreak of a life-threatening respiratory disease is associated with a newly discovered coronavirus termed SARS-CoV (4, 8) . Thus, effective antiviral agents are urgently needed to fight this emerging deadly disease. Although drug screening can be designed to test a wide range of compounds in high-throughput screening assays, the process for new drug discovery and development starting with a novel chemical entity is quite long. In an attempt to provide immediate cures, one of our strategies was to quickly identify potential drug candidates. We therefore focused on screening a set of marketed drugs which have not been previously recommended for antiviral use.
A small chemical library consisting of a set of marketed drugs was evaluated for anti-SARS-CoV activities. In this study, Vero E6 cells were infected with SARS-CoV at a multiplicity of infection of 0.1. When infected at this multiplicity of infection, Vero E6 cells started to develop mild cytopathic effects (CPE) at 1 day postinfection, and typical CPE as reported by Ksiazek et al. (4) could be observed at 2 days postinfection. In the drug treatment experiments, drugs were added 1 h before viral infection. Drugs (at 10 M concentrations) were evaluated for inhibition of SARS-CoV replication as measured by the protection of Vero E6 cells from forming CPE after virus infection. Niclosamide (2Ј,5-dichloro-4Ј-nitrosalicylanilide) ( Fig. 1A ) was found to be effective as a virus replication inhibitor.
Subsequently, the effect of niclosamide was further confirmed with several alternative assays. In the immunoblot assay, Vero E6 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. In each well of 48-well plates, 4 ϫ 10 4 cells were seeded to form a cell layer that is approximately 70% confluent. During virus infection, Dulbecco's modified Eagle's medium containing 2% fetal bovine serum was used. Niclosamide was prepared as a 10 mM stock solution in dimethyl sulfoxide, and the drug was soluble at concentrations up to 100 M in culture medium. Cell lysates were harvested at 48 h postinfection and analyzed by immunoblotting with an antiserum derived from a SARS patient (Tri-Service General Hospital, Taipei, Taiwan). In this immunoblot assay, antiserum from a convalescent SARS patient was used as the primary antibody because many prominent bands could be observed in cells infected by SARS-CoV. These proteins are likely to be SARS-CoV antigens, as they were not present in noninfected cells. After the blots were stained with the primary antibody, they were treated with horseradish peroxidase-conjugated goat anti-human immunoglobulins (Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.) at a 1:1,000 dilution and developed with an ECL kit system (Amersham Biosciences, Piscataway, N.J.). The syn- Next, we employed an immunofluorescence assay (IFA) to examine the inhibitory effect of niclosamide on viral antigen synthesis. Niclosamide was added to cells at serial dilutions. The drug was present in all of the following procedures. At 48 h postinfection, the cells were fixed and stained with antiserum from the same convalescent SARS patient described above (Fig. 1B) . As shown in Fig. 2 , the expression of viral antigens was inhibited by niclosamide in a dose-dependent manner. Each virus-infected cell without drug treatment emitted bright fluorescent light. At concentrations of 3.12 M and higher, niclosamide was able to completely inhibit viral antigen synthesis. Thus, the effective concentration of niclosamide that inhibited 50% of viral antigen synthesis was estimated to be within the range of 1 to 3 M. This experiment, done in triplicate for each drug dose, was repeated three times, and representative results are shown in Fig. 2 . The concentration of compound that reduced cell viability to 50%, used to determine the cellular toxicity of niclosamide, was approximately 250 M after 48 h of drug treatment (data not shown). Cell viability was determined by the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay as previously described (2) .
To examine whether virus yield was also inhibited by niclosamide, culture supernatants were collected, and a reverse transcriptase PCR (RT-PCR) was employed to detect viral RNA. Two days postinfection, viral RNA was isolated from 140 l of supernatant from SARS-CoV-infected cells with a QIAamp viral RNA minikit (QIAGEN) in accordance with the manufacturer's instructions. One microliter of extracted viral RNA was prepared for RT-PCR by using a QIAGEN One Step RT-PCR kit with the SARS-specific primers Cor-p-F2 5ЈCTA ACATGCTTAGGATAATGG3Ј and Cor-p-R1 5ЈCAGGTA AGCGTAAAACTCATC3Ј (4). This primer set was designed to amplify a region in open reading frame 1b in the genome of SARS-CoV (4). The RT-PCR conditions were as follows: 50°C for 30 min; 95°C for 15 min; 25 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min; and 72°C for 10 min. No specific PCR product of 368 bp could be detected in the medium of virusinfected cells when niclosamide was applied at concentrations of 3.12 M or higher, whereas a faint band of the correct length was observed in the PCR-amplified product from the medium of cells treated with 1.56 M niclosamide ( Fig. 3 and Table 1 ). Apparently, there was a dose-dependent reduction of virus yield in the supernatant of infected cells treated with niclosamide.
It is important to explore the mechanism of action of niclosamide in the inhibition of SARS-CoV replication. When niclosamide was added 3 h after cells were infected with SARS-CoV, it was still active in inhibiting SARS-CoV replication, indicating that niclosamide does not interfere with the virion's attachment to and entry into cells. Further, niclosamide did not inhibit the protease activity of 3C-like protease (results not shown). Results from this study also warrant further investigation to examine the effects of niclosamide in SARS animal models or in human clinical trials to provide a proof of principle of whether niclosamide is capable of alleviating the serious sequelae caused by SARS-CoV infection. Since SARS-CoV is known to actively replicate in the intestinal tract (6) , it is also important to evaluate whether niclosamide taken orally can inhibit viral replication and lower the viral load in the lumen of the intestine or in the stool. If viral replication in the intestine can be adequately inhibited by niclosamide, this drug might be considered for use in controlling the fecal-oral route that has been speculated to be one of the possible avenues of transmission (7, 9) . Given that profuse watery diarrhea is a common symptom and that SARS-CoV is shed in large quantities in the stools of SARS patients, niclosamide may therefore be appropriate for treatment.
In summary, we discovered that niclosamide was able to inhibit SARS-CoV replication at a micromolar concentration. Niclosamide is an old drug used in antihelminthic treatment (3) . Because niclosamide has been used for the treatment of parasite diseases in humans, this drug may be considered for immediate use in the treatment of SARS patients, alone or in combination with other drugs.
